Octacalcium phosphate (OCP) is a metastable salt in physiological pH which tends to convert to hydroxyapatite (HA). Conversion from OCP to HA is also observed if OCP is implanted in various bony sites. From a quantitative viewpoint, the implantation of OCP granules enhances bone regeneration more than that of non-sintered HA or sintered HA granules in rabbit bone marrow spaces or the subperiosteal area of mouse calvaria; in addition, OCP is biodegraded by osteoclast-like cells. OCP promotes differentiation of bone marrow stromal cells to osteoblastic cells. These osteoconductive characteristics may be acquired by the dissolution process associated with the progressive OCP-HA conversion. The biodegradability and osteoconductive characteristics are summarized in relation to the solubility of OCP.
INTRODUCTION
Brown et al. first proposed the crystalline structure of octacalcium phosphate (Ca 8 H 2 (PO 4 ) 6 •5H 2 O; OCP) and suggested that OCP could be a precursor of biological apatite in bone and tooth. 1 Several studies have found the following unique characteristics of OCP: 1) small molecules are incorporated into the OCP structure; 2 2) OCP is converted to hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 ; HA) topotaxially 1, 3 without changing its original plate-like morphology even after in vivo implantation; 4 3) the implantation of OCP enhances bone regeneration more than that of HA at a bony site. 5 These features are considered to be associated with the existence of hydrated layers stacked with apatite layers alternatively in an OCP sttucture. 1 Because OCP has actually been detected in the initial bone mineralization site as a transitory precursor, 6 it is probable that bone formation enhanced by OCP implantation may follow the biomineralization route in natural bone. 7 The present article focuses on the transitory nature of OCP in a physiological environment in relation to its osteoconductive characteristics.
MORPHOLOGY OF OCP
OCP has been described as a triclinic system in the crystal lattice. 1 Several studies have demonstrated that OCP crystals exhibit a plate-like morphology that is elongated along the c-axis. 8 Figure 1 shows a scanning electron micrograph of synthetic OCP. 9 The synthesized OCP also displays a plate-like morphology with several µm in length and submicrons in width (Fig. 1) . The morphology is considered to be associated with the long enamel crystals grown along the c-axis, which could be formed by the overgrowth of HA on the OCP template. 10 11 However, the order in solubility of these calcium phosphates is not always consistent with the order in which they tend to dissolve in a physiological environment. A previous in vitro study showed that β-TCP begins to dissolve only when the pH level is less than 6.0 in simulated body fluid. 12 Recent studies reported that the biodegradability and the osteoconductivity of Ca-deficient HA, 13 β-TCP, 14 and OCP 15 are controlled by their microstructure in bone defects. Thus, the dissolution tendency of the specific calcium phosphate could be expressed by the crystal characteristics depending on the preparation method and the environment used. We compared the dissolution behavior between OCP and commercially available sintered HA ceramic in a culture medium under 5% CO 2 at 37°C.
DISSOLUTION AND EQUILIBRIUM IN

CONVERSION IN A CULTURE MEDIUM
Figures 2 and 3
show evidence that OCP tends to convert to HA if incubated in a culture medium for 11 days, as assessed by XRD analysis (Fig. 2) and FTIR spectroscopy ( Fig. 3) . 7 The OCP structure changed to that of HA with the disappearance of the (100) reflection of OCP in XRD. The feature of the FTIR spectra also indicated the conversion of OCP into HA, indicating that bands from ν 3 P-O in the orthophosphate stretch absorption around 1030-1130cm -1 tended to become obscure with the advancement of the OCP-HA conversion. The concentration of calcium and inorganic phosphate ions in the culture medium was determined quantitatively using commercially available calcium and phosphate analysis kits, respectively. 16 An α-minimal essential medium (αMEM) was added to each well of a 48-well tissue culture plate with or without the OCP or HA coatings. After the plates were incubated for 3 days at 37°C in a 5% CO 2 environment, the supernatants were collected for calcium and phosphate quantitative analyses. Different amounts of OCP or HA were coated to emphasize the intrinsic characteristics of these calcium phosphates. The DS value can be expressed by dividing ionic product with solubility product of objective calcium phosphate compound. [17] [18] [19] Details of the calculation have been reported elsewhere. [17] [18] [19] In the present study, the chemical composition of the inorganic components provided by the manufacturer was used, except for the analytical values. The calcium and phosphate concentrations and DS in the medium after the 3-day incubation of the OCP coating are shown in Table 1 . The calcium concentration of the supernatant of the OCP coatings decreased with increasing amounts of the OCP coating. The DS of the control medium had a value that was highly supersaturated with respect to HA, relatively supersaturated with respect to OCP, and saturated with respect to DCPD. DS in the medium regarding HA, OCP and DCPD decreased by incubating OCP depending on the amount of the coatings, becoming saturated with respect to OCP. The results suggest that OCP hydrolysis tends to advance in the incubation of the medium and could be further enhanced with increasing the amount of the OCP coating. 
TOPOTAXIAL CONVERSION IN VIVO
It has been reported that OCP can be converted to HA topotaxially in vitro. 3, 20 In order to confirm whether the implanted OCP can also be converted to HA while retaining its original morphology in vivo, a transmission electron microscopic (TEM) observation was carried out for the undecalcified specimens. Details of the preparation method of undecalcified specimens have been reported elsewhere. 4 Figure 4 shows a micrograph by a TEM observation of an OCP particle at 3 weeks after implantation, in which OCP granules were placed onto the calvaria in the subperiosteal region of a BALB/c strain mouse. 4, 9 It was apparent that the plate-like morphology of OCP particles was retained even after implantation. However, the surface of the OCP particle was covered by a number of nano-scale de novo crystals that might have originated from the solution-mediated HA formation in the vicinity of the implanted OCP particles. These morphological characteristics were identical to the de novo formation of HA on the surface of OCP crystals during OCP-HA conversion in vitro. 21 The results suggest that OCP provides a scaffold for osteoblastic cells to attach.
BIODEGRADATION IN VIVO
Biodegradable calcium phosphate ceramics have been shown to be resorbed by osteoclast-like cells. 22 It is still unclear whether the biodegradation of calcium phosphate ceramics is coupled with enhanced bone formation by osteoblasts. OCP tends to be replaced with newly formed bone as well as biodegradable β-TCP ceramic. [23] [24] [25] Furthermore, recent studies confirmed that bone formation on OCP by osteoblasts is preceded by the osteoclastic resorption of OCP in the rabbit bone marrow space 24 and the subperiosteal region of mouse calvaria. 25 In a previous study, macrophage-like cells were reported to be capable of expressing bone morphogenetic protein BMP-2 by elevating the calcium ion concentration in an in vitro cell culture. 26 It has been shown that OCP-HA conversion is accompanied by calcium incorporation into the hydrolyzing OCP. 19 The transitory nature of OCP may stimulate macrophage-like cells during the conversion into HA through the diffusion of calcium. Figure 5 shows a histological section stained by hematoxylin and eosin in which macrophage-like cells appeared around the surface of an OCP granule while osteoblasts formed new bone. This finding suggests the possibility that the dissolution of OCP is associated with the stimulatory capacity of OCP to enhance bone formation.
EFFCT OF OCP IN OSTEOBLAST DIFFERENTIATION
In addition to the potential capability of OCP to enhance bone formation coupled with its biodegradable property, it would be valuable to learn whether OCP itself stimulates osteoblast differentiation. Mouse bone marrow stromal ST-2 cells were incubated in the OCP-and HA-coated plates for up to 21 days, and the mRNA expression of osteoblast-related genes was analyzed. 7, 16 Figure 6 shows the progressive increase of mRNA expression of osterix in ST-2 cells in an OCP dose-dependent manner. 16 Osterix is known as a transcription factor in osteoblastic cells that indicates its differentiation into mature osteoblasts. 27 OCP also enhanced the expressions of the mRNA of collagen type Ia (Col-1) and alkaline phosphatase (ALP) in ST-2 cells in a dose-dependent manner. 16 However, HA did not show such dose-dependent effect 16. As explained above, an increase in the amount of OCP in the culture medium accelerates OCP-HA conversion through dissolution processes. 7, 16 A recent study confirmed that a subtle change in the stoichiometry of OCP, caused by partial hydrolysis, markedly affects its osteoconductive and biodegradable characteristics in rat tibia bone marrow. 28 The results suggest that OCP promotes osteoblastic cell differentiation induced by the process of OCP-HA conversion if implanted in bony sites where osteoblasts are present, resulting in the enhancement of bone formation.
CONCLUSION
The experimental evidence suggests that the solubility of OCP could be one of the factors related to the osteoconductive characteristics of OCP in a physiological environment. The irreversible topotactical conversion from OCP to HA without changing the crystal morphology may remain as a scaffold to which osteoblastic cells can attach and where they can differentiate. The progressive change in calcium and phosphate ions around OCP crystals should affect osteoblastic function during the conversion. The precipitation and re-precipitation mechanisms could also participate in the formation of HA in the OCP-HA conversion. A study is underway to establish the linkage between the biodegradable nature of OCP in a physiological environment and the enhancement of osteoblastic cell differentiation. 
